ABSTRACT Frankliniella fusca (Hinds) naturally disperses from winter weeds to crops in spring, causing direct and indirect damage. Field preparation before planting includes use of herbicides or cultivation to kill unwanted vegetation, which adversely affects F. fusca host plants and potentially inßuences F. fusca dispersal. Common chickweed, Stellaria media (L.), infested with F. fusca, was used as a model to study effects of timing and type of vegetation management on adult dispersal. Infested weeds were caged and F. fusca weekly dispersal was monitored using sticky traps. Weed management treatments performed at an early (14 AprilÐ11 May) or late (2 wk after early treatment) date consisted of glyphosate, paraquat, disking, hoeing, or untreated control. Late glyphosate and hoeing treatments resulted in cumulative dispersal statistically similar to or greater than from control plots. Compared with the control, signiÞcantly more F. fusca dispersed from the glyphosate and hoeing plots during the 3 wk after treatment. More thrips dispersed from the late paraquat treatment 1 wk post-application than from the control. Dispersal from the disked treatment and early paraquat treatment was similar to that of the control 1-to 3-wk post-treatment. Early treatments resulted in signiÞcantly smaller cumulative dispersal than the control in all but one instance. Late disking and paraquat treatments resulted in cumulative F. fusca captures that were statistically similar or less than that in the control. Winter weed management type and timing affect F. fusca dispersal magnitude and duration.
Both landscape-scale factors such as climate and local-scale factors such as host plant characteristics affect thrips population growth and dispersal. General patterns of thrips dispersal can be related to regional temperature and precipitation that inßu-ence generation turn-over, ßight, and mortality (e.g., Davidson and Andrewartha 1948 , Harding 1961 , Kirk 1997 , Lewis 1997 , Lowry et al. 1992 , Morsello et al. 2010 , Morsello and Kennedy 2009 . However, farm-scale variation in thrips populations and adult dispersal also are affected by local factors, which include host plant availability and suitability (Davidson and Andrewartha 1948) . Land preparation in agricultural Þelds neighboring recently transplanted susceptible vegetable crops commonly includes disking or, in case of no-till practices often used in soybean, corn, and cotton production, use of herbicides such as glyphosate or paraquat to kill unwanted vegetation. Destruction of host plants during land preparation potentially changes natural dispersal patterns of thrips from winter hosts in ways that could result in infestations of young crops in spring.
Tobacco thrips, Frankliniella fusca (Hinds), have a broad host range and populations undergo two seasonal dispersals. In fall, F. fusca disperse from summer annual and perennial hosts to winter annual and perennial hosts where they overwinter (Chamberlin et al. 1992; Cho et al. 1995; Groves et al. 2001 Groves et al. , 2002 . Populations of F. fusca increase on winter annual hosts in late winter and spring and disperse to summer hosts and crops beginning in spring. In North Carolina, F. fusca spring dispersal typically peaks in late May or June (Eckel et al. 1996) , and F. fusca that feed upon young tomato (Solanum lycopersicum L.), pepper (Capsicum annuum L.), tobacco (Nicotiana tabacum L.), peanut (Arachis hypogea L.), and cotton (Gossypium spp. L.) plants, commonly cause early-season damage. This damage is most severe when large infestations occur shortly after transplanting or seedling emergence. Young tomato, pepper, tobacco, and peanut plants can be damaged directly through feeding or indirectly via transmission of Tomato spotted wilt tospovirus (TSWV) (Barbour and Brandenburg 1994 , Brecke et al. 1996 , Cho et al. 1995 , Eckel et al. 1996 , Gitaitis et al. 1998 , McPherson et al. 1999 , Nault et al. 2003 .
Because land preparation affects F. fusca host quality and is performed during a period of F. fusca pop-ulation growth on winter weeds, we hypothesized that the type and timing of weed management during spring would affect the timing and magnitude of F. fusca dispersal, potentially increasing exposure of crops to F. fusca when plants are young and most impacted by F. fusca damage. SpeciÞcally, we hypothesized that killing winter weeds would increase F. fusca dispersal for one or more weeks after treatment compared with an untreated control, and that a fastacting herbicide would affect dispersal for a shorter period than a slow-acting herbicide. We further hypothesized that fewer F. fusca would disperse when winter weeds were disked than when treated with glyphosate or paraquat, because of partial burial of vegetation resulting from disking. For a given herbicide, we conjectured that early application, when F. fusca populations were small, would result in fewer total dispersing F. fusca than weed management later in the season when populations were large.
Because common chickweed, Stellaria media (L.), is a good reproductive host for thrips and is abundant on North Carolina farms (Groves et al. 2002) , it was used as a model broadleaf winter annual weed in our studies. To test our hypotheses, we subjected small plots of winter weeds to the aforementioned management practices that are commonly used in spring land preparation before planting and observed the effects on the timing and magnitude of dispersal of F. fusca.
Materials and Methods
Weed Plots and Cages. Chickweed seeds were soaked in a solution of 1:3 chlorine bleach:water for 15 min, rinsed three times with water, and allowed to germinate for 1 wk while submerged in 50 ml of water in clear 296-ml plastic drinking cups (Sweethart Cup Company, Owings Mills, MD) before transferring seedlings to soil. For each experiment, each plot consisted of 64 Ϸ4-wk-old (8 Ð10 leaf stage) chickweed plants transplanted in an 8 by 8 plant grid with 10.2 cm between plants within rows and columns. The plants were transplanted into recently disked Þelds in November 2004 , and December 2005 and 2006 . Nontest weeds were virtually nonexistent in plots because chickweed density was high and did not permit establishment of other weeds. Plots were spaced at least 4 m apart and the area between plots was maintained free of vegetation for the duration of each experiment.
All plots were infested with adult F. fusca obtained from a laboratory colony originally collected in 1995 from peanut (A. hypogaea) One to 2 wk after F. fusca were released, each plot was covered by a thrips-proof cage (1.0 m by 1.0 m by 1.0 m) covered with Agribonϩ AG-30 ßoating row cover (PGI Nonwovens, Inc., Ponchatoula, LA) that was anchored to the soil with tie-downs. It was not possible to aspirate the thrips, travel several hours to Þeld plots, release the thrips, and cage the plots all in 1 day, and other commitments prevented sooner installation of the cages. F. fusca move short distances from plant to plant but ßight is restricted because temperatures are below ßight threshold in late winter (Lewis 1997 . Therefore, populations of F. fusca were expected to remain within the weed plots before caging. If any thrips movement occurred, plots were randomized and movement would have had a random effect on plots. For a given trial, cages were installed for all treatment plots on the same day.
Within each cage, a cylindrical, yellow sticky-trap was suspended 0.70 m above ground level on a bamboo stake in the center of each plot. The trap consisted of PVC pipe (15.2 cm long by 2.54 cm in diameter) painted yellow (Krylon Products Group, Cleveland OH) and wrapped with 111 cm 2 of sticky sleeve (Great Lakes Integrated Pest Management [IPM], Vestaburg, MI) . Traps were placed in cages 1 week before any weed treatment and were changed weekly.
Weed Treatments. Weeds were killed at an early or late weed management date ca. 2 wk apart using glyphosate, paraquat, disking, or hoeing (Table 1) . The hoeing treatment, in which the vegetation desiccates on the soil surface, served as a positive control for detection of increased F. fusca dispersal. In the hoeing treatment virtually all of the stem and foliar vegetation remained on the soil surface to desiccate under the cages. Glyphosate (RoundUp Superconcentrate, Monsanto Company, Marysville, OH), and paraquat (Gramoxone Inteon, Syngenta, Greensboro, NC) were applied at noncrop label rates (9.4 and 1.1 kg a.i./ha, respectively) using a handheld sprayer with a fan nozzle. Neither people nor sprayers came in contact with the chickweed during treatment application. The plots were small enough (Ϸ1 m 2 ) that herbicide applications could be applied while the person spraying was external to the plots. Weed plots in the disking treatment were disked twice using a small (Ͻ3 m) tractor-pulled disk with smooth blades and then recaged. Soil was tilled to a depth of Ϸ10 cm, and most weeds were buried by the disking treatment. Desiccation of disked and hoed weeds can occur over several days to more than a week depending on temperature and soil conditions. Weeds in the untreated control plots were allowed to continue to grow and senesce naturally. Disking was performed only on the late treatment date because it was expected that dispersal from disked plots would be less than from late herbicides, potentially making disking a preferable late management option compared with late herbicide application. Time between early and late treatments varied slightly among experiments because of weather constraints. Each experiment was an incomplete block design consisting of the treatments in Table 1 . Because of limitations in number of available thrips and experiment location limitations, it was not feasible to include all combinations of treatments each year. Attempts were made to choose timing and treatment combinations that would be most informative to growers. Because early hoeing of weeds kept thrips dispersal low for the remainder of the experiment in 2005, the hoeing treatment was changed from an early to a late date so the effects of desiccating vegetation on top of the soil surface (hoeing) could be compared with partially buried desiccating vegetation (disking). In the Raleigh 2007 experiment, paraquat was added because it causes rapid desiccation of weeds compared with glyphosate. Space, thrips, and plants for only Þve treatments were available in 2007. Because early treatments either did not cause an increase in thrips dispersal or increased dispersal for only 1 wk, the early glyphosate treatment was excluded so enough resources were available to include the paraquat treatments. The date of early and late treatments varied year-to-year and location-to-location because of variable climate conditions. The early treatment was applied when the majority of chickweed vegetative growth slowed and plants were producing mature seeds, but before any visual signs of early senescence. Chickweed typically takes more than a month to senesce after seed production begins. Therefore, treatments were implemented several weeks before senescence of weed hosts to allow time to observe the duration of any treatment effects on F. fusca dispersal. This also allowed the maximum time for F. fusca population growth, increasing the ability to detect treatment effects, and resulted in treatment dates that varied by year and location. However, using seed production to time treatments did not guarantee that natural senescence would not overlap treatment effects. Trap Processing and Analysis. When 25 or fewer thrips were on a trap, all thrips were identiÞed to species. When the number of thrips exceeded 25, a subsample of 25 randomly selected thrips were identiÞed to species and the proportion of F. fusca was multiplied by the total thrips count to estimate the number of F. fusca captured per trap. Thrips to be identiÞed were removed from the trap, mounted on a microscope slide, and identiÞed to species using a key to adult thrips of the Terebrantia suborder (Palmer et al. 1992) . Voucher specimens are held at the North Carolina State University Museum. Total F. fusca captured for each treatment was summed from 1 wk after the early treatment application through the remainder of the experiment and was subjected to analysis of variance (ANOVA) (PROC GLM) and TukeyÕs mean separation test (alpha ϭ 0.05) (SAS Institute 2005) . To analyze treatment differences over time, the number of F. fusca was divided by the number of days a trap was under the cage to account for any delay in trap replacement caused by weather restrictions, and average daily F. fusca captures were subject to repeated measures ANOVA (PROC GLM) and TukeyÕs mean separation test (alpha ϭ 0.05) (SAS Institute 2005). An unstructured covariance matrix was found to best Þt the data for repeated measures analysis. In addition, the between-plot effects of early versus late treatments were tested for signiÞcance using contrasts.
Results
Cumulative Dispersal. Weed treatment had a signiÞcant effect on total F. fusca captured (Tables 2, 3) . Similar or signiÞcantly fewer total F. fusca were captured from early glyphosate, and signiÞcantly fewer total F. fusca were captured from early paraquat and early hoeing plots than from control plots (Table 3) .
Like early glyphosate treatment effects, total F. fusca from late disking plots was similar or signiÞcantly less than from control plots ( Table 3 ). The late paraquat treatment resulted in fewer total F. fusca captured compared with the control (Tables 2, 3 ). However, similar or signiÞcantly more total F. fusca were cap-tured from late glyphosate and late hoeing treatments than from the control (Table 3) .
All early versus late treatment contrast comparisons were signiÞcant, indicating that more F. fusca were captured from plots treated at a late date than at an early date (Table 4 ). For the Raleigh 2007 trial, an additional contrast comparing the early herbicide treatment (paraquat) and the late herbicide treatments (paraquat and glyphosate) was tested and found to be signiÞcant (Table 4 ). More F. fusca were captured from late herbicide plots than the early paraquat plot.
Weekly Dispersal. Weed treatment also signiÞ-cantly affected the average magnitude of F. fusca captured through time (Table 2 ; Fig. 1 Fig. 1aÐ d) . In two of three experiments containing the early glyphosate treatment, average daily F. fusca captured from the early glyphosate plots were similar to the control plots for 3 wk postapplication ( Fig. 1a and c) . However, in a third experiment, signiÞcantly more average daily F. fusca were captured from the early glyphosate plots compared with the control plots 1 wk after the glyphosate application; numbers of F. fusca subsequently declined and remained low (Fig. 1b) . More F. fusca were captured from early hoeing plots than the control 1 wk after treatment, but captures were similar the after 2 wk and persisted at low levels for the duration of the experiment (Fig. 1a) . In contrast, the average daily number of F. fusca captured from the early paraquat treatment was never signiÞcantly greater than the control, and the magnitude of dispersal remained low for the rest of the experiment like other early treatments (Fig. 1d) .
For all late herbicide treatments, an increase in average daily F. fusca dispersal compared with the control was observed in one or more experiments (Fig.  1) . In contrast to the early glyphosate treatment that caused a signiÞcant increase in average daily F. fusca captured for one week compared with the control (Fig. 1b) , late glyphosate treatment effects lasted 2 wk longer in two of four trials (Fig. 1b and c) . In the other two trials, dispersal increased from the late glyphosate plots 2 wk after application before declining steeply, but the rate of increase was less than of control plots, from which the number of dispersing thrips increased dramatically as weeds naturally senesced ( Fig. 1a and  d ). Plots receiving a late paraquat application showed a signiÞcant increase in average daily F. fusca dispersal for 1 wk compared with the control (Fig. 1d) .
Dispersal effects for nonherbicide plots varied by weed pressure on the soil surface post-treatment. The magnitude of average daily dispersal of F. fusca was signiÞcantly increased for 3 wk post-hoeing compared with the control (Fig. 1b and c) , during which time weeds slowly desiccated under cages on the soil surface. The late disking treatment, which almost completely buried weeds, did not increase average daily F. fusca dispersal compared with control plots in any week for any experiment (Fig. 1bÐ d) .
Discussion
Our Þndings support the hypothesis that vegetation management in late spring changes the quality of F. fusca host plants and inßuences the timing and magnitude of F. fusca dispersal from winter weeds. They also support our hypothesis that killing winter weeds increases F. fusca dispersal magnitude compared with an untreated control for one or more weeks depending on the timing and type of weed management. Overall, an increase in numbers of dispersing F. fusca relative to untreated weeds was observed for all treatments in one or more trials except for the late disking and early paraquat treatments; however, effects of treatments on the magnitude and duration of increased dispersal were not always consistent across all experiments. Early weed management, applied when thrips populations were low, either did not result in increased dispersal of F. fusca, as measured by trap catches, or caused an increase that lasted for a period of only 1 wk. Early treatment timing was based on when the plants matured and actively produced seeds. Because of climatic variation from year to year and location to location, it is probable that tobacco thrips populations varied in size from trial to trial when treatments were applied. This could explain why the duration and magnitude of treatment effects varied by trial. However, our results show that for each trial, signiÞcantly fewer F. fusca were captured from early treatments compared with late treatments (Table 4 ). The early glyphosate treatment caused a 1-wk increase in dispersal in only one of three trials in which it was included (Fig. 1b) , and early hoeing caused a similar 1-wk increase in the only trial in which it was included (Fig. 1a) . In both cases, the increases were small. The early paraquat treatment did not increase the number of dispersing F. fusca captured in the only trial in which it was included (Fig. 1d) . Failure to consistently observe increases in F. fusca dispersal after early weed management likely reßects the small numbers of thrips present at the time the early treatments were applied. In all cases, the total numbers of F. fusca dispersing from weeds later in the season were greatly reduced by the early management of winter weeds relative to the control and late applied weed management treatments with the exception of late disking, which partially buried the weeds.
Effects of late vegetation management on number and duration of F. fusca dispersal relative to the control, in which the vegetation was allowed to senesce naturally, were more variable among treatments than early management. In three of four experiments, the late glyphosate application signiÞcantly increased the numbers of F. fusca dispersing relative to the control for periods of up to 3 wk after application. The only exception was in the 2007 trial when natural senescence of plants in the control coincided with, but progressed more slowly than, senescence in the glyphosate treated plots (Fig. 1d) . In this case, the number of dispersing F. fusca from the glyphosate treatment increased considerably during the 2 wk after application and was signiÞcantly greater than the control during the Þrst week; however, dispersal from the control during the second week increased much more rapidly and reached higher numbers than from the glyphosate treatment. Multiple-week increases in numbers of dispersing F. fusca from late glyphosate treated plots may be explained by gradual adult F. fusca dispersal from plants that died over a period of Ϸ10 d, which spanned two trapping periods. Increased dispersal observed during the third week after late applications of glyphosate likely reßects dispersal of adults from immature thrips that were able to complete larval development on the senescing plants and pupate before glyphosate treated plants died.
Number of dispersing F. fusca also increased from late paraquat plots relative to the control, but the effect lasted for only 1 wk, likely reßecting dispersal of adults from the dying plants and from pupae produced before the plants died. By 2 wk postapplication, the numbers of dispersing thrips in late paraquat treatment were statistically similar to the late disking treatment, which did not cause an observed increase in number of dispersing F. fusca. Overall, our weekly results suggest that late weed management with herbicides causes a longer period of increased numbers of dispersing F. fusca than early management.
Concordant with our expectations, the maximum observed duration of the increased dispersal effect of slower-acting glyphosate was longer than for fasteracting paraquat (late glyphosate increased F. fusca dispersal 3 wk post-treatment in the Oxford 2006 trial but late paraquat increased dispersal for only 1 wk in the Raleigh 2007 trial). However, because paraquat was tested in only one trial, it is possible that paraquat application could increase F. fusca dispersal for multiple weeks under different weather conditions. The shorter period of increased dispersal from paraquat plots compared with glyphosate plots also could be because of a direct suppressive effect of paraquat on the tobacco thrips population, which would have reduced the number of thrips available to disperse (A.L.P. Beaudoin and G. G. Kennedy, unpublished data) . Mortality because of paraquat exposure has been documented in several species of arthropods, including Drosophila melanogaster Meigen (Drosophilidae); the parasitoid Eretmocerus debachi Rose & Rosen (Aphelinidae); and the predatory mite, Neoseiulus fallacis (Garman) (Phytoseiidae) (Hosamani and Muralidhara 2010 , Metzger and Pfeiffer 2002 , Uygun et al. 1994 .
As anticipated, fewer F. fusca dispersed after disking of winter weeds than late applications of glyphosate or paraquat. Disking almost completely buried most of the foliage and likely prevented any increase in dispersal. In contrast, late hoeing left virtually all of the weed foliage on the soil surface and resulted in an increase in F. fusca dispersal relative to the control that lasted as long as 3 wk. Although hoeing is not a viable weed management strategy for commercial growers, the dissimilar effects of late hoeing and disking on thrips dispersal are consistent with the hypothesis that the magnitude and duration of increased dispersal after a weed management depends on the rate at which the suitability of treated plants for thrips feeding and development declines after treatment.
For a given herbicide, we conjectured that use of an early weed management when F. fusca populations were small would result in fewer total dispersing F. fusca than weed management later in the season when populations were high. Glyphosate effects on dispersal are consistent with this hypothesis. However, similar totals of F. fusca were captured from early and late paraquat treatments. If paraquat had a direct suppressive effect on F. fusca populations, it is possible that only small numbers of F. fusca survived paraquat treatments.
The timing of F. fusca dispersal affects the potential for damage to crops because young plants are most susceptible to direct and indirect F. fusca damage. Many crops become less susceptible to F. fusca feeding damage and tomato spotted wilt as they mature (Breke et al. 1996; Mandal et al. 2001 Mandal et al. , 2007 Beaudoin et al. 2009 ; Mississippi State University Extension 2010). Overall, our results indicate that late weed management with herbicides causes a longer period of elevated dispersal by F. fusca than early management. Because vegetation management is performed in April and May when F. fusca populations are increasing, it is prudent to choose tactics that do not promote F. fusca dispersal that might lead to elevated infestations in nearby crops. Based on our results, the most conservative approach to minimizing F. fusca dispersal to susceptible crops when using glyphosate to kill weeds in nearby Þelds is to apply it at least 4 wk before seedling emergence or transplanting of the susceptible crop. Paraquat should be applied at least 2 wk before transplant or seedling emergence. Vegetation can be disked at any time without increasing F. fusca dispersal compared with no vegetation management. In cases where disking vegetation is not practical and young, susceptible crops will be growing near a weedy area in less than 2 wk, using no vegetation management may be the best option to avoid increased F. fusca dispersal when the plants are most susceptible to injury and infection.
